INTRODUCTION
Homologous recombination (HR) is an error-free DNA repair pathway that is essential both in mitotic cells to ensure DNA stability and in meiotic cells for faithful chromosome segregation. HR begins with double-strand break (DSB) formation and DNA end processing which gives rise to 3' single-stranded DNA (ssDNA) overhangs (HEYER et al. 2010) . A key step in HR is the formation of RecA-like filaments on these ssDNA ends. During mitosis in the budding yeast Saccharomyces cerevisiae, the RecAlike protein Rad51 coats the ssDNA whereas during meiosis both Rad51 and another
RecA-like protein, Dmc1, form on ssDNA ends (LIN et al. 2006; HEYER et al. 2010 ).
Formation of RecA-like filaments on the DNA is essential for the homology search and strand invasion steps that define HR. Therefore regulation of RecA-filament formation is critical for accurate repair of DNA damage and chromosome segregation. Due to their importance, both Rad51 and Dmc1 are extremely well conserved descendants of the archaeal protein RADA (DIRUGGIERO et al. 1999; KOMORI et al. 2000; LIN et al. 2006; CHINTAPALLI et al. 2013 ).
There are many proteins that both promote Rad51-filament formation as well as disassemble inappropriate filaments. Interestingly, in many organisms the proteins that stabilize Rad51-filaments themselves share structural homology with Rad51 and evolved from the archaeal RADB homolog (LIN et al. 2006) . In humans these RAD51 paralogs include RAD51B, RAD51C, RAD51D, XRCC2, XRCC3 and SWSAP1 while in the budding yeast they include RAD55, RAD57, CSM2, and PSY3 (SCHILD et al. 2000; TAKATA et al. 2001; MARTIN et al. 2006; SHE et al. 2012; TAO et al. 2012; GODIN et al. 2013; SASANUMA et al. 2013b) . It has been proposed that SHU1 is also a Rad51 paralog (MARTIN et al. 2006) . A great deal of work has been done to characterize these proteins in vitro, in vivo, as well as phylogenetically (KAWABATA et al. 2005; LIN et al. 2006; HEYER et al. 2010; SUWAKI et al. 2011) . Importantly, many human RAD51 paralogs are mutated in cancers and associated with cancer pre-disposition (VAZ et al. 2010; SUWAKI et al. 2011; PARK et al. 2012; PENNINGTON AND SWISHER 2012; SHAMSELDIN et al. 2012; SOMYAJIT et al. 2012; FILIPPINI AND VEGA 2013) . Consistent with a critical role in genome maintenance, disruption of the yeast Rad51 paralogs results in a mutator phenotype and in some cases increased chromosomal rearrangements, which are often observed in tumor cells (HUANG et al. 2003; SHOR et al. 2005 and Rdl1, interact with a Shu2-homolog Sws1 (MARTIN et al. 2006) . Similarly, the human homolog of Shu2, hSWS1, interacts with the RAD51 paralogs RAD51D and XRCC2 (MARTIN et al. 2006; LIU et al. 2011) . Importantly, hSWS1 functions as an obligate heterodimer with hSWSAP1, which itself resembles a previously unidentified, highly divergent hRAD51 paralog (LIU et al. 2011) .
The conserved association between Shu2-like proteins and the Rad51 paralogs promote Rad51-dependent HR through a largely undetermined mechanism (GODIN et al. 2013) . In all species where Shu2-like proteins have been described, their disruption results in a reduction in Rad51 filament formation and a corresponding decrease in HR (SHOR et al. 2005; MARTIN et al. 2006; LIU et al. 2011; SASANUMA et al. 2013b ).
Strikingly, these defects are similar to disruption of the Rad51 paralogs (SASANUMA et al. 2013b (SHEPHERD et al. 2011) . In vivo disruption of the invariant SWIM domain residues likely results in protein instability and loss of function. Together, our work indicates that the SHU2 gene is found in all major eukaryotic lineages where it promotes HR in both mitosis and meiosis.
MATERIALS AND METHODS
Yeast strains, plasmids, and media: The strains used in this study are listed in (hSWS1.A108T.F and hSWS1.A108T.R) were created using site-directed mutagenesis of the pGBK-SHU2 or pGBD-SWS1 plasmids.
Integration of C114S mutation at the endogenous SHU2 locus was done by creating an integration vector by subcloning with EcoRI and PstI from pGBK-shu2-C114S in the yiPLAC211 integration vector. WT yiPLAC-SHU2 was made by reversing the C114S mutation by site directed mutagenesis using Shu2.S114C.F and Shu2.S114C.R.
yiPLAC211 was subsequently mutagenized to C116S, F119A, C176S, H178A, and A181T with the primers listed above (Supplemental Figure 2) . The WT and mutant versions of yiPLAC211-shu2 was linearized with BamHI and transformed into W9100-2D. Pop-outs were screened on 5-Fluorooritic acid and PCR verified. All inserts were verified by DNA sequence analysis.
Serial dilutions:
The indicated strains were grown to an OD 600 of 0.5 and then 5-fold serially diluted onto rich medium (YPD) or YPD with either 0.006, 0.012, 0.02% methyl methanesulfonate (MMS) or 50 mM hydroxyurea (HU). For strains harboring pGBKshu2 vectors, serial dilutions were performed as above with the exception that cells were grown up in SC-TRP medium prior to plating onto YPD medium or YPD with 0.02% MMS. Plates were incubated for 2 days at 30˚C prior to imaging.
Yeast-2-Hybrids:
The GAL4 DNA activating domain (pGAD) expressing plasmids were transformed into PJ69-4A and the GAL4 DNA binding domain (pGBK or pGBD) expressing plasmids were transformed into PJ69-4α. The SHU1 gene was disrupted with NatNT2 using pFA6A-NatNT2 as described in (JANKE et al. 2004) Branch support values were generated with the approximate likelihood ratio test (aLRT).
Evolutionary rate covariation of Shu2 and fly SWS1 with meiotic and mitotic
proteins: Values of evolutionary rate covariation (ERC) were calculated using previously described methods (CLARK et al. 2012) . Briefly, orthologous protein sequences were collected from species with sequenced genomes and aligned in muscle (18 fungal species and 12 Drosophila species for their corresponding datasets) (EDGAR 2004; CLARK et al. 2012; FINDLAY et al. 2014 ). For each protein we then estimated amino acid branch lengths using a fixed tree topology and the aaml program of the PAML package. Branch lengths were then transformed to relative rates using a projection operator (SATO et al. 2005; YANG 2007) . The ERC value between any two proteins was calculated as the correlation coefficient between their evolutionary rates (Supplemental Tables 3-10 ).
The elevation of Shu complex ERC values as a group was tested by comparison to 100,000 random sets of genes of the same size (N = 4 proteins). A p-value was estimated from the number of random protein sets with mean ERC values equal to or greater than the mean ERC between Shu complex proteins. Sets of mitotic, meiotic, and " recombinase activity" proteins were obtained from Gene Ontology annotation through the Yeast Mine and FlyBase Query Builder web tools for yeast and Drosophila, respectively (WILSON et al. 2008; BALAKRISHNAN et al. 2012) . Statistical significance for ERC between Shu2 and these functional groups was performed by comparing their ERC distributions to the whole-proteome background (all genes) through Wilcoxon rank sum tests.
Spore viability assay:
Diploid yeast strains where both copies of the indicated genotype had been disrupted or mutated at their endogenous locus were sporulated at 30˚C. The individual spores were tetrad dissected onto rich medium and spore viability ascertained.
A plate of twenty-two individual tetrads was analyzed in triplicate with standard deviations calculated. 
RESULTS

Characterization of shu2∆ recombination phenotype and its physical interactions
with the other Shu complex members: The Rad51 paralogs have a number of defining features, which are related to promoting Rad51 filament formation such as decreased rates of Rad51-mediated gene conversion upon disruption (SUNG 1997; ALVARO et al. 2007; GODIN et al. 2013) . Consistently, we previously found that deleting either CSM2 or PSY3 results in a decrease in gene conversion and a subsequent increase in Rad51-independent repair (GODIN et al. 2013) . To determine if Shu1 or Shu2 have similar roles in promoting Rad51-dependent repair, we performed a heteroallelic recombination assay in wild-type (WT), shu1∆, or shu2∆ cells ( Figure 1A ). In this assay a recombination event between two leu2 heteroalleles with an intervening URA3+ gene can generate a LEU2+ prototroph through repair by Rad51-dependent sister chromatid gene conversion (GC; LEU2+ URA3+) or Rad51-independent intrachromosomal single-strand annealing 1 1 Figure   1A ). These results demonstrate that although Shu2 is not a Rad51 paralog, it exhibits many of the same phenotypes as the other Shu complex members.
The human Shu2 homolog, hSWS1, interacts with multiple RAD51 paralogs either directly or indirectly through hSWSAP1 (MARTIN et al. 2006; LIU et al. 2011 or PSY3 expressed in the GAL4 DNA activating domain (pGAD-SHU1, pGAD-PSY3) in a genetic background where one of the four SHU genes is disrupted ( Figure 1B and data not shown). We find that loss of SHU1 disrupts the Shu2-Psy3 Y2H interaction ( Figure   1B ). Therefore, similar to hSWS1, which interacts with the other hRAD51 paralogs through hSWSAP1, Shu2's interaction with the Rad51 paralog Psy3 is likely stabilized by Shu1. To define a comprehensive Shu2/SWS1 protein family, we constructed a phylogeny using Shu2 homologs from major eukaryotic and archaeal lineages ( Figure   2A ). In the resulting phylogeny, eukaryotic sequences were cleanly separated from the archaeal sequences with high branch support (aLRT = 0.98). Moving forward from the archaeal root, the well-supported branches between eukaryotic sequences were in agreement with accepted speciation events, thus supporting the orthology of these Shu2/SWS1 sequences. Although the short alignment (219 amino acids) of Shu2/SWS1
did not provide sufficient power to infer all branch nodes with strong support, these 1 3 sequences appear to be true orthologs. Notably, this tree revealed Shu2 orthologs in Drosophila melanogaster and Caenorhabditis elegans, which we will refer to as dmSws1
and ceSws-1 hereafter, as well as an Arabidopsis thaliana ortholog AT4G33925. The archaeal SWIM domain-containing proteins served only to root the tree, and we are not able to comment on the orthology or specific function of those sequences.
A defining feature of the Shu2/SWS1 protein is the SWIM domain, a zinc-binding feature ( Figure 2B ) (MARTIN et al. 2006) . To further ensure orthology between yeast Shu2 and human SWS1 (also known as ZSWIM7) in exclusion of other SWIM-domain containing proteins in humans (ZSWIM1 -6, and ZSWIM8), C. elegans (pqn-55) and D.
melanogaster (CG34401), we constructed a phylogeny with all SWIM domain proteins from these species and all putative eukaryotic SWS1 orthologs ( Figure 2C ). Homology between these proteins is limited to the SWIM domain so their alignment is limited to a region of 30 highly conserved amino acids. As is expected for a small alignment, many branching nodes were not well resolved; however, the branching pattern cleanly separates the SWS1 orthologs from the other SWIM domain proteins with moderate support (aLRT = 0.70). This topology further supports the putative orthology of the sequences in Figure   2A (i.e. they descended from a single common ancestor).
Shu2 and its orthologs have evolutionary histories strongly correlated with recombination and meiosis-related proteins:
To better define the biological function of the Shu complex we performed co-evolutionary analysis in both budding yeast and We first demonstrated that members of the yeast Shu complex have significantly co-varying rates with each other, as we might predict given their co-functionality ( Figure   3A ); their pairwise ERC values were highly elevated as a group (mean ERC = 0.52, permutation test P < 0.00001), while the expected mean ERC for a random gene set is zero. These ERC values were calculated across a phylogeny of 18 fungal species, including S. cerevisiae. We also found elevated ERC values between the Shu complex members and Srs2 ( Figure 3A ), consistent with a conserved physical and/or genetic interaction between Shu2 and Srs2 (a DNA helicase that disassembles Rad51 filaments) in both budding and fission yeast (ITO et al. 2001; MARTIN et al. 2006; BERNSTEIN et al. 2011 ).
To determine the co-evolutionary relationship of the Shu complex with broader functional groups within fungi, we studied Shu2's ERC values with mitotic and meiotic proteins. Shu2 did not show significant rate covariation with mitotic proteins; however, ERC values between Shu2 and meiotic proteins were significantly elevated, suggesting 1 5 strong co-evolution between them (P = 1.1 x 10 -8 ) ( Figure 3B ; Supplemental Tables 3, 4) .
Importantly, these results were unchanged when recombination-related genes and genes shared by the 2 sets were removed from analysis and so the association is not limited to HR proteins (mitosis P = 0.27; meiosis P = 1.1 x 10 -6 ). Similar to Shu2, Psy3 also exhibits significantly increased ERC values with meiotic, but not mitotic, proteins (Supplemental Figure 1A ; Supplemental Tables 5, 6 ). In contrast to Shu2 and Psy3, both Tables 7-10 ). In addition, the D.
melanogaster Shu2 ortholog dmSws1 (CG34314) also showed rate covariation with meiotic proteins (P = 0.013) and with Rad51 paralogs (P = 0.0066), but not with mitotic proteins as a class ( Figure 3D ). The Drosophila dmSws1 results also remained unchanged after removing recombination-related and shared genes (mitosis P = 0.62; meiosis P = 0.0238). Most notably, Rad51C and Rad51D showed extremely high rate covariation while the other two Rad51 paralogs Spn-A and Spn-B showed modestly elevated levels ( Figure 3C ). Finally, we tested for co-evolutionary associations of meiotic and mitotic genes with the mammalian Shu2 ortholog, SWS1 (ZSWIM7 (LIU et al. 1995; MAKAROVA et al. 2002; BANERJEE et al. 2004) . However, upon analysis of our evolutionarily deep alignment we identified an invariant alanine located three amino acids downstream from the CXH motif ( Figure 4A ; Supplemental Figure 2 ).
Interestingly in humans, this invariant alanine in hSWS1 is mutated to a threonine (A108T) in a cancer patient from the COSMIC database (SHEPHERD et al. 2011) . To determine if alanine 108 may be functionally important, we constructed a Y2H vector containing hSWS1 mutagenized to include this mutation, SWS1-A108T, and as well as mutations in the canonical SWIM domain residues (C85S, C87S, C103S, and H105A)( Figure 4B ). Suggesting that these residues are functionally important, disruption of the canonical SWIM domain or the invariant alanine (A108) results in a reduced Y2H
interaction with hSWS1's obligate binding partner hSWSAP1 ( Figure 4B ). Interestingly, another highly conserved residue F90, does not result in reduced Y2H interaction when mutated to an alanine ( Figure 4B , SWS1-F90A). These results suggest that the SWIM domain in hSWS1 including the invariant alanine are likely important for the hSWS1 function.
The SWIM domain is important for Shu2's functionality in vivo:
To investigate the role of the SWIM domain and the invariant alanine, we created Y2H vectors harboring the analogous mutations in budding yeast SHU2 SWIM domain ( Figure 5A ). By Y2H, we find that mutating the canonical SWIM domain residues (C114S, C116S, C176S, H178S) in shu2 results in an undetectable Y2H interaction with Shu2's binding partners Shu1 and Psy3 ( Figure 5A ). Interestingly, mutating alanine 181 to a threonine leads to a reduced Y2H interaction with Psy3 but not Shu1. Furthermore, while the hSWS1-F90A 1 7 mutant maintains its Y2H interaction with hSWSAP1, we find that the corresponding mutation in yeast shu2, F119A, results in a reduced Y2H interaction with Psy3 but not Shu1 ( Figure 5A ). These results suggest that the canonical SWIM domain in yeast Shu2
is likely important for function and that the conserved alanine and phenylalanine may also be components of this domain.
To determine if the impaired Y2H interactions of the SWIM domain mutants result in diminished DNA damage tolerance in yeast, we complemented shu2∆ cells with a wild-type SHU2 or a mutant shu2 expressing plasmid. We find that the wild-type SHU2 plasmid complements the MMS sensitivity of shu2∆ cells while mutations in the canonical SWIM domain (C114S, C116S, C176S, and H178A) do not ( Figure 5B ).
Interestingly, despite the altered protein-protein interactions observed in both shu2-F119A and shu2-A181T, both these mutant plasmids complement the MMS sensitivity of a shu2∆ cell ( Figure 5B ). These results indicate that the interaction between Shu2 and Psy3 may be dispensable for Shu2's mitotic function. These findings were confirmed when we stably integrated the canonical SWIM domain mutants (C114S, C116S, C176S, and H178A) as well as F119A at the endogenous SHU2 locus (Supplemental Figure 3) .
Unfortunately, we were unable to integrate A181T into our yeast strains. Since the Shu genes were originally characterized for their ability to suppress a top3∆ or sgs1∆ strain's sensitivity to MMS or HU treatment, we also examined if the integrated SWIM domain alleles would also rescue sgs1∆ and Psy3 resulting in a more severe defect ( Figure 5D , p ≤ 0.02 for all). Next we tested if mutations of the SWIM domain would similarly lead to decreased meiotic progeny. We find that the SWIM domain mutants C114S, C116S, C176S, and H178A, are also defective for spore viability compared to WT ( Figure 5E ; p ≤ 0.05 for all). In contrast, the shu2-F119A allele spore viability was similar to WT ( Figure 5E ). These results demonstrate that the canonical SWIM domain is necessary for Shu2's role during meiosis.
DISCUSSION
Here we describe how the SWS1 protein family has evolved throughout major eukaryotic lineages to interact with the Rad51 paralogs to promote HR. One defining 1 9
feature of the SWS1 protein family is its invariable SWIM domain (consisting of CXC…X n … CXH motif where X is any amino acid and n is a variable number of amino acids) and we show that this domain is important for protein functionality. Furthermore, our analysis indicates that the SWIM domain contains an invariant alanine two residues after the CXH motif, which would expand the domain to CXC…X n … CXHXXA.
Specifically, in budding yeast, mutation of the canonical SWIM domain residues reduces Rad51-dependent repair, meiotic viability, and protein-protein Y2H interactions.
Additionally, we show further evidence that the Shu complex has an important meiotic function and that this function is evolutionarily conserved. We demonstrate that the Upon further analysis we identified the D. melanogaster SWS1 ortholog, which is also likely to function during meiosis. dmSws1 is primarily expressed in the ovaries which are the site of meiotic crossing over in flies (ST PIERRE et al. ; GRAVELEY et al) . In contrast, dmSws1 is not significantly expressed in other adult tissues including the testes, which do not produce recombinant gametes in Drosophila. Consistent with dmSws1's ovarian expression, we find that dmSws1 also exhibits strong co-evolutionary signatures (ERC) with meiotic proteins, just as observed for its budding yeast ortholog Shu2 ( Figure   3B and 3D). Also similar to Shu2, which physically interacts with the Rad51 paralogs, we find dmSws1 strongly co-evolves with the Rad51 paralogs dmRad51D and dmRad51C ( Figure 3A and 3C), which are also primarily expressed in the ovaries.
Despite this conserved evolutionary pattern, we were unable to detect a physical Y2H interaction between dmSws1 and dmRad51D, or between ceSws-1 and Rfs-1. However, this may be due to the lack of a third unidentified binding partner as is required for Y2H interaction between the human SWS1 and its hRAD51 paralogs. For example, we only detect a Y2H interaction between hSWS1 with its obligate binding partner hSWSAP1 despite hSWS1's physical interaction with other RAD51 paralogs (MARTIN et al. 2006; LIU et al. 2011) . Alternatively, the strong ERC values between dmSws1 and the Rad51 paralogs may be explained by a conserved genetic, but not physical interaction. Together, our work implicates that the SWS1 protein family are likely conserved prorecombinogenic factors for meiotic HR in multiple eukaryotic lineages. In the future, 2 1 direct experimental evidence to examine dmSws1 role in meiotic and mitotic Rad51 filament formation will be necessary to confirm this hypothesis.
While our work indicates that the SWS1 family of proteins functions in meiosis, it is clearly evident that these proteins also promote mitotic HR (SHOR et al. 2005; MANKOURI et al. 2007; BALL et al. 2009; BERNSTEIN et al. 2011; GODIN et al. 2013; XU et al. 2013 Srs2 is a DNA helicase that destabilizes Rad51 filaments in vitro which in turn regulates HR in vivo (RONG et al. 1991; KREJCI et al. 2003; VEAUTE et al. 2003; BURGESS et al. 2009 (SASANUMA et al. 2013a; SASANUMA et al. 2013b) . Despite the differing mitotic and meiotic roles of Srs2, the conserved physical interaction between Shu2 and Srs2 and the strong evolutionary covariation clearly indicate that these proteins have a functionally important relationship ( Figure 3A ). In the future, the strong ERC observed between Shu complex members could be exploited to identify additional protein modifiers of its HR function, as demonstrated in a recent ERC study (FINDLAY et al. 2014) . Moreover, it remains uninvestigated if hSWS1 or its binding partner hSWSAP1 retains this physical interaction with the putative Srs2 homologs such as PARI or RTEL or if they promote meiotic HR.
In conclusion, the SWS1 protein family is an important factor in both mitotic and meiotic HR where future work will shed light on its unique regulatory mechanisms for RAD51.
3 0 after the CXH motif. (B) Mutating the SWIM domain in human SWS1 impairs its interaction with hSWSAP1. Y2H analysis of pGAD-hSWS1 with mutations in the SWIM domain (C85, C87, C103, H105) as well as F90 and A108 were assayed for interaction with human SWSAP1 (pGBD-SWSAP1) as described in Figure 1B . 
